Mammalian genomes contain several billion base pairs of DNA that are packaged in chromatin fibres. At selected gene loci, cohesin complexes have been proposed to arrange these fibres into higherorder structures [1] [2] [3] [4] [5] [6] [7] , but how important this function is for determining overall chromosome architecture and how the process is regulated are not well understood. Using conditional mutagenesis in the mouse, here we show that depletion of the cohesin-associated protein Wapl 8,9 stably locks cohesin on DNA, leads to clustering of cohesin in axial structures, and causes chromatin condensation in interphase chromosomes. These findings reveal that the stability of cohesin-DNA interactions is an important determinant of chromatin structure, and indicate that cohesin has an architectural role in interphase chromosome territories. Furthermore, we show that regulation of cohesin-DNA interactions by Wapl is important for embryonic development, expression of genes such as c-myc (also known as Myc), and cell cycle progression. In mitosis, Wapl-mediated release of cohesin from DNA is essential for proper chromosome segregation and protects cohesin from cleavage by the protease separase, thus enabling mitotic exit in the presence of functional cohesin complexes.
. These have been proposed to depend on long-range chromatin interactions that are mediated by cohesin together with the transcription factors CCCTC-binding factor (CTCF) and mediator [1] [2] [3] [4] [5] [6] [7] . How important cohesin-mediated chromatin interactions are for the structural and functional organization of mammalian genomes, and how these interactions are regulated to allow changes in chromatin structure and gene expression, are poorly understood. We therefore analysed whether Wapl is required for releasing cohesin from DNA not only in mitosis but also in interphase, and whether the regulation of cohesin-DNA interactions by Wapl is important for chromatin structure, gene regulation and chromosome segregation.
For this purpose, we generated mice in which the Wapl (also known as Wapal) alleles were replaced by 'floxed' alleles (Wapl that Wapl is essential for development. We therefore used mouse embryonic fibroblasts (MEFs), in which Wapl fl is deleted after 4-hydroxytamoxifen (4-OHT) activation of the fusion protein between Cre and the oestrogen receptor (Cre-ER(T2)). When these cells, arrested in a quiescent state (G0) by serum starvation, were treated with 4-OHT, Wapl levels decreased over 7 days (Fig. 1a, b and Supplementary  Fig. 1c, d ). Fluorescence recovery after photobleaching (FRAP) analysis revealed that Wapl deletion increases the chromatin-residence time of cohesin by more than 20-fold: in quiescent Wapl 2/fl MEFs, Scc1 tagged with green fluorescent protein (Scc1-GFP) bound to chromatin for 25 6 9 min (mean 6 s.d., n 5 8), but in Wapl 2/D MEFs, 73 6 9% of Scc1-GFP had a chromatin-residence time of 540 6 240 min (n 5 10; Fig. 1c and Supplementary Fig. 2 ). Consequently, most cohesin accumulated on chromatin (Fig. 1d) . Wapl is therefore essential for the proper release of cohesin from chromatin.
Unexpectedly, immunofluorescence microscopy (IFM) experiments revealed that Wapl depletion changes cohesin localization: cohesin was located in most chromatin areas of quiescent Wapl 1/D MEFs, but in 80% of Wapl 2/D MEFs cohesin was enriched in elongated nuclear structures, which we call vermicelli (Italian for 'little worms'; Fig. 1e and Supplementary Fig. 3 ). Vermicelli were also seen by live-cell imaging, ruling out fixation artefacts ( Supplementary Fig. 4 ). CTCF was partially enriched in vermicelli, whereas histone H2B localization remained unchanged ( Supplementary Fig. 5 ). Co-staining of chromosome 11 and cohesin by fluorescence in situ hybridization (FISH) and IFM, respectively, suggested that one vermicello is present per chromosome territory (n 5 3) ( Supplementary Fig. 6a, b) . Labelling of individual chromosomes with Cy3-dUTP confirmed this (n 5 31 chromosomes) (Fig. 1f, g and Supplementary Fig. 6c, d ). These results indicate that in Wapl-deficient cells, cohesin is located in an axial chromosomal domain that might extend from one telomere to the other. Wapl depletion and stabilization of cohesin on DNA could either promote interactions between cohesin complexes, or enhance an effect that cohesin might have on chromatin structure, such as intra-chromatid loop formation, and lead to cohesin clustering indirectly (Fig. 1h, i) .
Chromatin immunoprecipitation and Solexa DNA sequencing (ChIPseq) showed that most cohesin and CTCF sites remained unchanged after Wapl depletion ( Supplementary Fig. 7 ), suggesting that vermicelli are composed of cohesin sites that also exist in Wapl-proficient cells. We therefore analysed whether vermicelli are also present in wild-type cells. Although most cohesin had a fine-punctate distribution in chromatin, we observed short axial staining patterns in Wapl 1/1 MEFs and HeLa cells. The axial cohesin staining overlapped only partially with H2B (data not shown), and became more prominent after Wapl RNA interference (RNAi; Supplementary Fig. 8 ), indicating that some cohesin is also located in axial domains in wild-type chromosomes.
Wapl depletion also had major effects on chromatin structure: in FISH experiments, chromosome 11 occupied a significantly smaller median volume in Wapl 2/D MEFs (7 3 10 2 voxel) than in Wapl (Fig. 2a, b) . A 'granularity index' analysis of 49,6-diamidino-2-phenylindole (DAPI)-stained cells (see Methods) confirmed this ( Fig. 2c and Supplementary Fig. 6e ). By contrast, no changes in the distribution of heterochromatin protein 1a (HP1a), histone H3 trimethylated on K9 (H3K9me3), the condensin subunit Smc2, and topoisomerase-IIa and topoisomerase-IIb could be detected in IFM and immunoblotting experiments (data not shown). Partial cohesin depletion by Scc1 RNAi reduced chromatin condensation in Wapl 2/D MEFs (Fig. 2 ). These observations indicate that Wapl deficiency causes chromatin compaction by stabilizing cohesin on DNA, and not indirectly. The compaction state of interphase chromatin, therefore, depends on the stability of cohesin-DNA interactions, which is controlled by Wapl.
When stimulated with serum, quiescent Wapl 2/D MEFs failed to proliferate (Fig. 3a) . IFM experiments in which cells were released from quiescence in the continuous presence of bromodeoxyuridine (BrdU; Supplementary Fig. 9a, b Fig. 9c ), indicating that Wapl is required for G1-phase progression. To test whether Wapl is also needed for DNA replication, we depleted Wapl from Xenopus egg extracts. This did not abrogate DNA replication ( Supplementary  Fig. 10 ), indicating that Wapl deficiency prevents S phase indirectly by interfering with exit from quiescence and/or G1 progression.
Because cell cycle progression depends on transcription, we tested whether Wapl is required for gene regulation. As serum stimulates proliferation in Wapl-proficient but not Wapl-deficient cells, we analysed quiescent cells to avoid indirect cell cycle effects ( Supplementary  Fig. 3 ). When we compared the levels of 21,169 RefSeq messenger RNAs between Wapl 1/D and Wapl 2/D MEFs using DNA microarrays, we found 1,152 differentially expressed genes (DEGs; 469 upregulated, 683 downregulated), including the cell cycle transcription factor c-Myc, the mRNA of which was reduced fourfold (Supplementary Fig. 11 ). Wapl 2/D MEFs in which c-Myc was expressed ectopically still did not proliferate, but entered the S and G2 phase more frequently (Supplementary Fig. 12 ), indicating that Wapl enables cell cycle progression in part by promoting c-Myc expression. Wapl depletion increased the mean Smc3-ChIP read density at the transcription start site (TSS) of many downregulated genes, including c-myc, and at non-TSS cohesin sites ( Supplementary Fig. 13 ), indicating that Wapl depletion downregulates some genes by stabilizing cohesin on DNA. However, Wapl depletion decreased the mean Smc3-ChIP read density at the TSSs of most upregulated genes ( Supplementary Fig. 14) . How Wapl affects cohesin at these genes and increases their expression remains to be determined, but our results raise the possibility that changes in gene expression depend on the regulation of cohesin-DNA interactions by Wapl. Precedence for the regulatability of cohesin-DNA interactions comes from the observation that sister chromatid cohesion depends on inhibition of Wapl by sororin 20 , which stabilizes cohesin on DNA 21 , and from the finding that Wapl-mediated cohesin release is activated in prophase 9 .
To investigate whether Wapl is required for mitosis, we analysed mitotic progression by IFM in Wapl 2/D MEFs containing sufficient Wapl to support one round of cell division ( Fig. 3b and Supplementary  Fig. 15a-d) . In these cells, chromosome bridges occurred frequently in anaphase and telophase and many cells became bi-nucleated (Fig. 3c-e and Supplementary Fig. 15e-g ). Although partial Scc1 depletion by RNAi reduced the chromosome bridge frequency (Fig. 3f ), we were unable to detect Scc1 on these bridges (Fig. 3d and Supplementary Fig.  16a, c) . The chromosome bridge phenotype therefore depends on cohesin, but may not be caused by an inability of Wapl-depleted cells to remove cohesin from chromosomes at anaphase onset. Instead, Wapl depletion might cause chromosome bridges by preventing the release of cohesin in early mitosis, which might be required for decatenation of sister chromatids 22, 23 . Consistently, at least one chromosome bridge in 54.5 6 14.9% of Wapl-deficient MEFs contained the Bloom syndrome helicase (BLM) (Fig. 3g ; triplicate experiments; n cells with bridges 5 86), which has been implicated in de-catenation 
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(for further characterization of these bridges, see Supplementary Fig. 17 ). Therefore, proper sister chromatid separation in anaphase depends on early mitotic release of cohesin from chromosomes by Wapl.
In Wapl 2/D MEFs from which soluble proteins had not been preextracted, Scc1 was located on chromosomes in metaphase but cytoplasmically in anaphase (n 5 200), indicating that Wapl deficiency delays cohesin release from prophase to anaphase onset (Fig. 3c, d ). To test whether separase is required for releasing cohesin from chromosomes in Wapl-depleted cells, we analysed MEFs in which both the Wapl and separase (also known as Espl1) genes were deleted. Chromosome spread analysis confirmed that Wapl and separase deficiency prevent chromosome arm separation in prometaphase 8, 9 and centromere separation in anaphase, respectively, leading to diplo-chromosome formation owing to mitotic exit with unseparated sister chromatids in separase-depleted cells 17, 18 . Prometaphase Wapl 2/D separase 2/D cells showed a combination of both phenotypes, including diplo-chromosomes with unseparated arms (Fig. 4a and Supplementary Fig. 18a ), indicative of defects in arm and centromere separation. IFM analysis revealed that in Wapl 2D separase 2/D MEFs, sister chromatids remained connected and cohesin persisted on chromosomes even when cells exited mitosis, as measured by a decrease in cyclin B1 levels and re-localization of aurora B from centromeres to mid-spindles (Fig. 4b and Supplementary  Fig. 18b-d) . Separase is therefore required for releasing cohesin from both centromeres and chromosome arms in Wapl-depleted cells.
We noticed that separase cleaved more Scc1 in Wapl-depleted cells than in non-depleted cells, presumably because separase cleaves chromosome-bound but not soluble cohesin 15, 25 ( Fig. 4c ; note that these cells also contained uncleaved Scc1, possibly because cells had been treated only for two days with 4-OHT and thus contained residual Wapl, and/or because in these experiments only 35% of MEFs entered anaphase after release from the prometaphase arrest; Supplementary  Fig. 16a-d) . This suggested that Wapl-deficient cells might exit mitosis with less intact cohesin and can, therefore, not load as much cohesin onto chromatin as normally in the next cell cycle. Indeed, IFM analysis showed that significantly less chromatin-bound Scc1 was detectable in Wapl 2/D than in Wapl 1/D MEFs in telophase and G1 phase (Fig. 4d , e and Supplementary Fig. 16e ; note that in this experiment Wapl was depleted more efficiently than in Fig. 4c by treating cells for 7 days with 4-OHT, presumably causing more Scc1 cleavage than in Fig. 4c ). These results show that the prophase pathway of cohesin dissociation allows mitotic exit in the presence of functional cohesin, enabling it to function early in the next cell cycle.
Our findings that Wapl depletion 'locks' cohesin on chromatin in a stably bound state and alters chromatin compaction to a degree that can be seen by light microscopy, indicate that the stability of cohesin-DNA interactions is an important determinant of chromatin structure, perhaps because the residence time of cohesin on DNA determines whether and for how long intra-chromatid loops can be formed (Fig. 1h, i) . The 
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role of Wapl in chromatin structure may be evolutionarily conserved, as alterations in chromosome morphology have been observed in fruitfly and yeast Wapl (wapl and RAD61, respectively) mutants [26] [27] [28] . Our observation that cohesin complexes form axial structures (vermicelli) in interphase chromosomes of Wapl-depleted cells, and to a lesser degree in wild-type cells, indicates that cohesin has an architectural role in the organization of interphase chromosome territories. Similar roles have been proposed for cohesin and the related condensin complexes in meiotic and mitotic chromosomes, respectively 29, 30 . Because cohesin-related complexes exist in all kingdoms of life, the architectural role of cohesin that we propose here for interphase chromosomes may represent an ancient function that may have helped to organize DNA in chromosomes already before nucleosomes existed.
METHODS SUMMARY
Generation of conditional Wapl allele. The conditional Wapl allele (Wapl fl ) was generated by inserting loxP sites into introns 2 and 4 to allow Cre-mediated excision of exons 3 and 4 ( Supplementary Fig. 1 ). Correctly targeted embryonic stem cell clones were identified by Southern blotting of EcoRI-and SacI-digested genomic DNA to confirm the presence of 59 and 39 loxP sites, respectively (data not shown). Cell culture. Immortalized MEFs (iMEFs) were used for the fractionation experiments in Fig. 1d , the nucleotide labelling experiment in Fig. 1f , and for experiments in which tagged versions of Scc1 were stably expressed. All the other experiments were performed in primary MEFs from embryonic day (E)13.5 embryos. MEFs and iMEFs were cultured as described 18 .
To synchronize MEFs or iMEFs in quiescence and to activate CreER(T2), cells were first cultured to confluence and then serum starved for 7 or 2 days (corresponding to day 10 and 5 in Fig. 1a , respectively) with optiMEM media (Invitrogen) supplemented with 2% charcoal/dextran-treated serum (Hyclone), 100 U ml
